Deep-inelastic reactions have been used to populate high-spin states in the iridium isotopes. New results include the identification of particularly long-lived three-quasiparticle isomers in 191 Ir and 193 Ir, with mean-lives of 8.2(7) s and 180(3) μs respectively, decaying into newly identified states of the h 11/2 proton bands and into other structures. Spins and parities of J π = 31/2 + are suggested for both, consistent with coupling of the 11/2 − [505] proton to the 10 − two-neutron excitations in the cores. These and other configurations are discussed in the context of configuration constrained potential-energy-surface calculations. All calculated intrinsic states are expected to be associated with triaxial shapes and the extreme isomerism observed is attributed to spin-trapping rather than K -hindrance.
they constitute a group that is of considerable interest in terms of nuclear structure. This is partly because these nuclei are expected to exhibit increasing gamma-softness [1, 2] , shape evolution [3] [4] [5] [6] [7] [8] , and a predicted configuration-dependence and susceptibility to dynamic (rotation-induced) shape changes [9] [10] [11] .
An implicit assumption of the move away from a well-defined deformation with axial symmetry is that K , the quantum number describing the projection of the total angular momentum on the deformation axis, will not be conserved. The inhibition of nominally forbidden γ -ray decays will thus be reduced, resulting in relatively shorter lifetimes and fewer isomers [12] [13] [14] . This anticipated dilution of the K -quantum number due to dynamical effects and the absence of a single deformation axis, is challenging to treat quantitatively [15, 16] . Nevertheless, the (perceived) absence of Kisomers is regularly taken as an indication of γ -softness (see [17] ).
Shell-model-type isomers are expected, of course, as shell closures
The focus of the present work was the discovery and characterization of isomeric states in the stable isotopes 191 Ir and 193 Ir, with the aim of elucidating the transitional character of the nuclear structure in this region. Their stability, however, meant that they could not be accessed with conventional nuclear reactions such as heavy-ion induced, fusion-evaporation. Much of the previous information has thus come from Coulomb excitation and β-decay studies, both of which are limited in terms of the states that can be populated. Our studies draw on the demonstrated ability of socalled "deep inelastic" heavy-ion reactions to populate high-spin states in a broad range of nuclei through either inelastic excitation, or transfer of a few particles between a particular projectile and target nucleus [20] . The experimental configuration of thicktarget, stopped measurements is more effective for the population and identification of states that are either long-lived, or are fed by isomers, than for the identification of very short-lived states (ps range) that is limited by Doppler broadening. Surprisingly, long-lived isomers were found despite their association with triaxial configurations. As will be discussed in due course, the isomerism apparently results because these configurations form spin-traps, rather than because their decays are Kinhibited. hind. Gamma rays were detected by Gammasphere [21] , with 100 detectors in operation. Triple coincidence events were required and the main data analysis was carried out with γ -γ -γ cubes, using various time-difference conditions, and also with time constraints relative to the pulsed beam, allowing selection of different out-ofbeam regimes. Another set of measurements was carried out using a macroscopically chopped beam with various (beam on)/(beam off) conditions. In these, out-of-beam dual coincidence events were recorded in reference to a precision clock and γ -γ matrices as a function of time were constructed in contiguous time regions, allowing long lifetimes to be isolated by gating on specific cascades within the nucleus of interest. Scans were made with different conditions, progressing in steps of ten, from initial values in the sub-millisecond range up to the region of a few seconds, the maximum that could be accommodated by the electronics. Fig. 1 (a), the stronger path being from the cascade of 536-keV and 395-keV transitions located directly above. This was the path identified previously [26] , with a delayed component attributed to an unobserved transition from a long-lived isomer with
s, corresponding to a meanlife of 7.9(10) s, feeding a state at 2047 keV. The partial level scheme deduced for 191 Ir from the present work is given in Fig. 2 . Our angular correlation results show that the 395-keV transition is a mixed dipole, and therefore probably of E2/M1 character. Together with the total conversion coefficient of 0.11(2) (see Fig. 3 ), this leads to a J π = 25/2 − assignment for the 2047-keV state.
Although it could be a candidate for the 25/2 − member of the 11/2 − [505] band, we do not observe the expected, but possibly weak, E2 branch to the 21/2 − member (see below), and the sign of the A 2 coefficient in the angular correlation obtained by gating on stretched quadrupole transitions lower in the scheme is opposite to those of the measured correlations for the 472-keV and 446-keV transitions (see Fig. 2 ) obtained in an equivalent way. Although, at face value, these properties are not consistent with the 395-keV transition being a band member, there is an alignment in this region and, therefore, a change in structure that could alter the sign of the mixing ratio is possible. While our results confirm the main transitions and the 13/2 − , 17/2 − states in the unfavored signature sequence, an additional delayed path is evident from the coincidence spectra given in Fig. 1(a) and 1(b) . The sequence of 308.5-, 146.6-and 518.7-keV transitions constitutes a parallel cascade, feeding through the 19/2 − , 1128-keV level, implying a state at 2101 keV, 54 keV above the 2047-keV, 25/2 − state in the main cascade. (The ordering of the 146.6-keV and 308.5-keV transitions is unambiguous since only the former is promptly fed.) Our contention is that the 2101 keV level is the isomeric state, with an unobserved (presumably highly converted) 54-keV transition to the 2047 keV state. This is consistent with the observation of both prompt and delayed feeding of the 2047 keV state in the earlier work.
The 518.7-keV transition was also known from the (d, 3n) studies and assigned as a decay from a 1646 keV state. This level was suggested to be the 21/2 − member of the unfavored sequence of the h 11/2 band [26] . However, we propose a new state at 1599.6 keV as the 21/2 − member, consistent with its decays to other band members, the mixed dipole/quadrupole character of the 472.2-keV transition to the 19/2 − state (similar in character to the 445.6-and 385.5-keV transitions) and the feeding via an unobserved low-energy transition from the 1652-keV, 23/2 − state. In contrast, the present angular correlation results indicate that the 518.7-keV γ -ray is essentially a pure stretched dipole transition assignment for the 1646-keV state. Two additional pieces of evidence for parallel paths from a single isomer are (i) that the measured lifetimes from both paths agree as evidenced by the data and fits given in Fig. 1(d) (although the weaker path is not as accurately determined) and both are consistent with the value obtained from the (d, 3n) measurements [26] ; and (ii) that the 309-keV transition placed as a decay directly from the isomer is strongly converted (Fig. 3) , indicating a high multipolarity (M3) and, therefore, the expectation of a long lifetime. The angular correlation and total conversion results for the 146.6-and 308.5-keV transitions then lead to the probable [24] for a recent evaluation) and is consistent with the trend of low hindrances seen in the heavy tungsten isotopes [22] . Fig. 4 . The h 11/2 band was recently extended up to a proposed 23/2 − state at 1714 keV in studies using incomplete fusion reactions [11] , but no isomers were identified. We confirm the earlier work, but observe strong delayed population with a complex path, originating from a long-lived state at 2278 keV. The main transitions are evident in Fig. 1(c) . Four de-excitation pathways from the isomer have been established with primary decays of 226.7-, 385.0-, 334.5-and an unobserved 47-keV transition. Transition strengths are given in Table 1 While the uppermost isomer has a meanlife of 180(3) μs, evidence for which is found in Fig. 1(e (Fig. 4) . The 1727-keV state is fed by a 165-keV transition with a conversion coefficient characteristic of an M1 multipolarity, suggesting J π = 25/2 − for the 1893-keV level. This state's main decay is via the 179-keV transition to the 1714-keV, 23/2 − level. The 179-keV γ -ray was assigned as a stretched quadrupole in Ref. [11] on the basis of a (marginal) DCO ratio and the total conversion coefficient from the present delayed intensity balances suggests a dominant E2 multipolarity. However, the angular correlation is inconsistent with a stretched quadrupole nature, but it is consistent with a J = 1 transition with either a small, or a large mixing ratio, the latter of which (δ(E2/M1) ∼ 14) corresponds to essentially pure E2 character, evidence again for the 25/2 − assignment to the 1893-keV state.
Directly above the 1893-keV level, the 158.3-keV γ -ray is assigned as a stretched M1 transition,while the 226.7-keV decay from the isomer has a large conversion coefficient consistent with an M2 character (see Fig. 3 ). This leads to the proposed J π = 31/2 + assignment for the 2277.5-keV isomeric state. The spectroscopic information from the other main decay path, considering both the angular correlation and total conversion data (Fig. 3) , is less certain because the extraction of total conversion coefficients is complicated by multiple branches and the fact that the transitions below (such as the 501-and 566-keV γ -rays) are mixed dipoles, introducing more The two main decay paths are also connected via the 323.9-keV transition from the 2051-keV, 27/2 − state to the 1727-keV, 23/2 − level. Its conversion coefficient is not precisely determined (due mainly to contaminant issues), but is consistent with an E2 character.
The 2230.3-keV state, whose main decay proceeds via the 337.8-keV transition to the 1893-keV, 25/2 − level, is shown as being fed by an unobserved 47-keV transition from the 180-μs isomer. This is consistent with the fact that some prompt population is observed for this state. However, we cannot discount the possibility that the 2230-keV state also has a lifetime (given the M2 character suggested by the conversion coefficient), although it would have to be in the intermediate range of a few microseconds for it not to have been evident in either the pulsed data, or in the long-chopping experiment.
Turning now to the nuclear structure of these long-lived states, multi-quasiparticle calculations, carried out with fixed deformations, normally provide a reasonable guide to the intrinsic states that might give rise to isomers. However, in the present case, configuration-dependent deformations that differ significantly from those associated with the one-quasiparticle configurations are likely to occur. Of direct interest here, for example, is the pre- Os. The proton configuration is known to favor a triaxial deformation (as evidenced by the large signature splitting in its rotational band), whereas the 10 − configuration is predicted to be essentially prolate [10] . (Note that the predicted ground-state deformations calculated by Moller et al. [28] do not specify the configuration.) To address these issues, calculations allowing for self-consistent shape changes were carried out for a range of odd-A iridium isotopes. The most likely 3-quasiparticle configurations were computed using the method of K -constrained diabatic potential-energy surfaces [29, 30] with a non-axial deformed Woods-Saxon potential and approximate particle-number projection achieved through the Lipkin-Nogami prescription. The results for selected states (mainly the highest-spin, lowest-energy states predicted) are listed in Table 193 Ir. This may be somewhat artificial since there is minimal experimental information on single-particle levels in this region. Related predictions of low-lying 12 + isomers in the osmium isotopes have yet to be borne out [22] . Alternatively, a very low energy could result in long-lived states that would preferentially β decay, and thus be missed.
As can be seen from Table 2 , both 31/2 − and 31/2 + intrinsic states are predicted, fairly close to the excitation energies of the observed isomers. Although the calculations place the 31/2 − level lower in both isotopes, they do not include the residual interactions that favor the 31/2 + configuration. With an experimental assignment of 31/2 + , an association in both nuclei with the predicted 31/2 + configuration is natural, but a 31/2 − state should also be expected.
All of the states predicted are associated with significant triaxiality, even in the cases which involve the 10 − two-neutron component that is calculated to be symmetric in the even-even cores [10] . This presumably reflects the shape-driving effect of the additional proton. There are no obvious theoretical candidates to match the 25/2 − and 27/2 − states observed near 2 MeV. These are probably collective excitations (consistent also with the absence of significant lifetimes) which will be numerous because of the triaxiality. Two other types of structure which may be present are negative parity states associated with the 11/2 − [505] configuration and alignment of the h 9/2 protons, and corresponding levels arising from rotation alignment of the i 13/2 neutrons at oblate deformation analogous to those predicted for the even-even neighbors [10] and observed (near 2.8 MeV) in 192 Os [23] .
While the transition strengths cannot be evaluated in detail because of the uncertainty in the final configurations, it seems that the long-lived isomers occur largely because the decays proceed by relatively low-energy, high-multipolarity transitions rather than because of significant K -hindrance. They are in effect spintraps rather than K -isomers [13] . In this regard, the absence of any other isomers in the decay path, particularly in 193 Ir, is also pertinent as a possible indication of the absence of Khindrance. The calculations also indicate that even longer-lived β-decaying isomers should occur, providing a challenge for future studies and in effect, a test of the reliability of the models.
